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Abstract 
In the present contribution, the interaction between limestone and slag is investigated by a multi-method approach using 
chemical shrinkage, thermogravimetry, scanning electron microscopy (SEM) techniques and compressive strength 
measurements. The impact of limestone was investigated in blends containing synthetic slags of different alumina content. The 
results are correlated with the thermodynamic modelling in order to gain further insights into the physical and chemical 
processes governing the interaction between limestone, slag and Portland cement. 
Beyond 28 days of hydration, slag composites exhibit higher compressive strength values than their equivalent with quartz. 
Increasing the Al2O3 content from 8 to 12% in slag influenced compressive strengths positively at all hydration times. Further 
increase of alumina in slag to 16% has no positive effect on strength. Addition of limestone, results positively only on early 
compressive strengths. After 28 days and longer effect of limestone is either slightly negative or neutral. Only in the case of the 
slag containing 16% of alumina, limestone has positive impact on the late compressive strength. The effect of limestone has 
two main components: physical, so called filler effect and chemical that depends on the slag composition. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The production of Portland cement clinker accounts for about 5% of the total man-made CO2-emissions [1-3]. 
Production of composite cements containing supplementary cementitious materials (SCMs) is seen as the 
promising solution to overcome this problem. However, cost and availability of high quality SCMs such as 
granulated furnace slag or fly ash are limited [3]. The replacement of these materials by other cement components 
is needed. A promising low-CO2 alternative would be the production of composite cements based on the ternary 
system ordinary Portland cement – slag – limestone, i.e. when a part of slag or clinker is replaced by limestone.  
 
Limestone is known to have a positive impact on the early compressive strength of the fly ash [4,5] and the 
calcined clays containing composite cements [6]. Many studies have proved that effect of calcite on ordinary 
Portland cement is twofold. Firstly, limestone powder is consider to be inert filler which works physically [7]. 
Replacing part of the cement clinker with CaCO3 increases the effective water to clinker ratio and provides 
nucleation sites, thereby accelerating the hydration of clinker phases especially calcium silicates. Secondly, calcite 
can react with C3A and other alumina sources in cement [8,9]. It leads to the formation of hemicarbonate which 
progressively transforms into monocarbonate. Formation of hemi and mono-carbonates indirectly stabilizes 
ettringite and thus results in an increase in the total volume of the hydration products [4,9-11]. This might result in 
a decrease in porosity and in an increase in strength. 
 
Present study aims to investigate both: the influence of alumina content in the slag and the interaction between 
ordinary Portland cement, blast furnace slag and limestone powder in ternary cements with clinker replacement of 
35%.Three synthetic slags were produced containing 8%, 12% and 16% of alumina respectively. The effect of 
alumina in slag cements as well as synergic effect of slag and limestone on strength, rate of hydration, and the 
nature of the different hydrates are investigated using: thermogravimetry, chemical shrinkage, scanning electron 
microscopy and thermodynamic modeling. 
2. Materials and methods 
2.1. Slag synthesis and characterization 
Three slags were produced in laboratory with Al2O3 content equal to 8% 12% and 16% and named LS, MS and 
HS (low, medium and high alumina slag respectively). Slag glasses were obtained by melting homogenized 
powdered, industrial slag of low alumina content with Al(OH)3 powder in suitable proportions to finally achieve 
targeted alumina content. The (CaO+MgO)/SiO2 ratio was kept constant (~1.35), however increased alumina leads 
to reduction of the total amount of CaO and MgO. The chemical composition of the calcium aluminosilicate 
glasses is given in Table 1. After production no crystalline phases were detected. All glasses exhibit characteristic 
for slags diffuse scattering maximum at 25-35 2Θ angle (Fig. 1). 
2.2. Blended cement hydration 
Clinker was mixed with anhydrite (An) to acquire 3.0% level of SO3 and is further referred as OPC. Two types 
of composite cements were designed: 65% C + 35% LS/MS/HS and 65% C + 27.5% LS/MS/HS + 7.5% L. 
Additional combination (65% C + 35% Q) was tested using quartz powder (Q) instead of slag, as it was assumed to 
be chemically inert. The experimental matrix is given in Table 2. The chemical compositions of each material 
determined by XRF are shown in Table 1. The mineralogical composition of clinker determined by XRD is: C3A -
7.8%, C3S – 71.7%, C2S – 5.3% and C4AF – 15.1%. 
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Table 1. Chemical composition (wt.%) of the synthetic glasses, 
clinker, anhydrite (An) and limestone (L).  
 
 Clinker An LS MS HS L 
SiO2 20.6 2.3 41.8 39.7 37.9 1.8 
Al2O3 5.9 0.7 7.9 12.2 16.0 0.5 
Fe2O3 3.8 0.3 0.4 0.4 0.4 0.2 
CaO 65.0 38.6 38.5 36.9 35.2 54.1 
MgO 1.7 1.5 10.0 9.5 9.1 0.6 
SO3 1.0 52.7 - 0.1 0.1 - 
P2O5 0.2 - - - - - 
K2O 1.4 0.2 0.6 0.5 0.6 0.1 
Na2O 0.2 - 0.8 0.7 0.7 - 
LOI 0.2 3.7    42.7 
Physical parameters 
Density 
(g/cm3) 3.0 2.9 2.8 2.8 2.9 2.7 
Blaine (cm2/g) 3150 4430 3270 3240 3250 3470 
D10 (μm) 7 1.5 5 5 5 1.5 
D50 (μm) 20 10 20 20 20 15 
D90 (μm) 50 40 60 60 60 100 
 
 
Table 2. Mix design of all blends (wt.%). 
Name OPC Q LS MS HS L 
OPC 100 - - - - - 
C-Q 65 35 - - - - 
C-LS 65 - 35 - - - 
C-LS-L 65 - 27.5 - - 7.5 
C-MS 65 - - 35 - - 
C-MS-L 65 - - 27.5 - 7.5 
C-HS 65 - - - 35 - 
C-HS-L 65 - - - 27.5 7.5 
2.3. Methods 
The compressive strengths were performed on mortar cubes (20x20x20 mm) with cement-sand-water 
proportions (1/3/0.53). The mortar samples were cured in water at 20 °C. The compressive strength was 
determined on four mortar cubes for each testing age. The chemical shrinkage at 20 °C was assessed using the 
method described by Geiker et al. [12] for 28 days. For thermogravimetric analysis (TGA) and scanning electron 
microscopy (SEM) cement pastes were prepared at water-to-binder (w/b) ratio of 0.5. At predetermined intervals, 
hydration was stopped by solvent exchange method. Conducted TGA and SEM methodology was carried out as 
described in [4]. Phase assemblage was modeled using GEMS (Gibbs Energy Minimisation) [13]. Thermodynamic 
data was taken from the PSI-GEMS database along with cement specific data [14,15]. 
3. Results and discussion 
3.1. Compressive strength 
Compressive strength measurement results are shown in Fig. 2. Up to 7 days all values of compressive strength 
of only slag containing composite cements are similar to C-Q. At longer times compressive strengths of C-Q does 
not increase significantly (16% between 7 and 90 days of hydration). However the compressive strengths of C-
LS/HS/MS continue to increase beyond 7 days; samples gain about 120% in compressive strength between 7 and 
90 days. At 90 days C-Q mix represents 48 – 54% C-LS/MS/HS strengths as an inert additive. 
 
Increasing the Al2O3 content from 8% to 12% in slag influences compressive strength positively at all hydration 
times. Further increase of alumina to 16% does not result in major changes of compressive strength values.  
Fig. 1. XRD analysis of synthesized slag glasses. 
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Up to 28 days almost all composite cements containing limestone exhibit higher compressive strengths than 
mixes without it (Fig. 2.). At 90 days of hydration both C-LS-L and C-MS-L show lowered compressive strengths 
in comparison to their limestone free equivalents. Only C-HS-L exhibit comparable compressive strength values as 
C-HS. 
 
Fig. 2. Compressive strength of mortar samples.  
3.2. Hydration kinetics 
3.2.1. Content of bound water 
 
The effect of slag and limestone replacement of OPC on the amount of chemically bound water (BW) is shown 
in Fig. 3a. Chemically bound water is assumed to be water bound in phases formed over the hydration of cements. 
Bound water content increases up to 90 days of hydration in all systems. Amongst slag cement composites clear 
relation can be observed: the more alumina in the system the more water bound in hydration products. 
 
7.5% replacement of slag by limestone powder results in increased bound water content when compared to the 
samples with no limestone addition. The highest values of chemically bound water are observed for C-HS-L. 
 
Fig. 3. (a) The amount of bound water (BW); (b) The chemical shrinkage relative to cement content. 
a) b) 
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3.2.2. Chemical shrinkage 
During cement hydration the paste exerts chemical shrinkage as the volume of the hydration products is lower 
than reactants. All composite cements show higher total chemical shrinkage per OPC in comparison to the neat 
system (Fig. 3b.). There is no difference in chemical shrinkage between C-LS and C-MS. After limestone addition 
this relationship does not change. However C-LS-L and C-MS-L exert higher chemical shrinkage per OPC that 
their limestone free equivalents. The fact that chemical shrinkage of C-LS/MS/HS and/or limestone is higher than 
C-Q indicate that the slag is more reactive. 
3.3. Phase composition: TGA results 
The TGA measurements are shown in Fig. 4. The mass loss in temperature range up to 300 °C corresponds to 
the loss of water from different calcium silicate and calcium alumiante hydrate phases formed in the cement pastes. 
When mixes with only slag are considered significant amount of ettringite, and after longer hydration time 
monosulphate are formed. When limestone is present mono and hemicarbonate are formed instead of monosulfate. 
More ettringite is observed in the blends with limestone. As long as the MgO is present in the system, as it is 
provided by the slag, the hydrotalcite can be seen on DTA curves. In the temperature range of 430-450 °C 
Ca(OH)2 decomposes to CaO. 
Fig. 4. TGA analysis of paste samples hydrated for 2, 28 and 90 days. 
Ett - ettringite, Ms - monosulfate, Hc/Mc - hemi and monocarbonate, Ht - hydrotalcite, CH - portlandite. 




Literature points out [16] that for ordinary cements Ca/Si and Al/Si ratios in the C-S-H are approximately 1.8 
and 0.06 respectively. Clinker replacement by slag results in alteration of C-S-H composition (Table 3). When LS 
slag is consider Ca/Si ratio is decreased to about 1.54. Al/Si ratio does not change when slag LS is present. The 
presence of the slag HS causes greater changes in the C-S-H composition. As the slag HS is characterized by 
higher Al2O3 content more aluminium is incorporated in C-S-H. The Al/Si ratio rises to about 0.11. The Ca/Si ratio 
does not change significantly. It is due to the fact that for both slags CaO/SiO2 ratios are almost the same (Table 1). 
Addition of limestone to the blends causes a slight decrease of both Ca/Si and Al/Si ratios in C-S-H. Fig. 5 shows 
exemplary BSE micrograph of the C-HS blended system obtained after 90 days of hydration. 
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Table 3. Ca/Si, Al/Si atomic ratio in the C-S-H  and Mg/Al 
atomic ratio in the slag hydration rims after 90 days of 
hydration. 
 C-LS C-LS-L C-HS C-HS-L 
C-S-H composition 
Ca/Si 1.54 1.42 1.43 1.30 
Al/Si 0.07 0.06 0.11 0.09 
Slag hydration rims 
Mg/Al 2.34 2.21 2.01 1.94 
 
Fig. 5. BSE image of C-HS (w/c=0.5) hydrated for 90 days  
(CH – portlandite, Ip C-S-H – “inner” C-S-H). 
 
Slag hydration rims 
 
In pure hydrotalcite Mg/Al ratio equals 3. When slag cements are considered, Mg/Al ratio is approximately 2 
[17]. In blends with LS slag Mg/Al ratios ≈ 2.3 are observed as seen in Table 3. Replacement of slag LS with HS 
resulted in decrease in Mg/Al ratio of the hydrotalcite to ≈ 2.0. The alterations in Mg/Al ratios were likely due to 
different compositions of slags. Slag HS has about twice as much Al2O3 in its composition in comparison to LS, 
while MgO content is almost the same for both slags. Thus, the lower initial bulk of MgO/Al2O3 causes lower 
Mg/Al ratio in hydrotalcite. 
3.4. Thermodynamic modeling 
Fig. 6. shows the effect of changing Al2O3 content in the slag on the phase assemblage of cement clinker mixed 
with slag as well as cement clinker along with slag and limestone. The SO3 level corresponds to the investigated 
composite cements. The models assumed 90% degree of hydration of clinker and 60% of slag respectively. 
Increasing the Al2O3 content of the slag leads to the formation of more monosulfate in expense of AFt. Thus, total 
volume of hydrates slightly decreases along with C-S(A)-H phase and portlandite. 
 
The limestone within cement ensures that the ettringite content remains constant and that the formation of 
monocarbonate phases becomes increasingly prominent. The model predicts that total volume of hydrates increases 
with increasing alumina content in slag, while a decrease of C-S(A)-H and portlandite can be observed.  
 
Modelled results agree well with the changes in phase assemblage measured by means of TGA, shown in  
Fig. 4. 
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Fig. 6. Modelled phase assemblage of composite cements that composition corresponds to the investigated within this work, highlighting the 
Al2O3 content in slag. Left the blend of cement clinker with slag, right the blend of cement clinker, slag and limestone. Ht – hydrotalcite, 
C3FSH6 – iron containing hydrogarnets, AFt – ettringite, MS – monosulfate, CH – portlandite, Mc – monocarbonate, Cc – calcite,  
C-S(A)-H – C-S-H phase containing alumina. 
4. Conclusions 
Up to 28 days 7.5% of limestone has beneficial effect on compressive strengths of slag cements in comparison 
to cement-slag blends. Thus combination of slag with limestone in cements may compensate lower early 
compressive strengths of the binary slag-cement blends. An associated effect of limestone addition is the reduction 
of potential cementing material, commonly called dilution, causing reduction of later strength. At 90 days of 
hydration all values of compressive strengths are lowered when CaCO3 is present. Only high amounts of alumina 
in system may compensate this effect as can be observed for C-HS and C-HS-L. These results may be attributed to 
two opposing effects. Firstly, kinetics of reaction, secondly, modification of microstructure caused by changed 
phase assemblage.  
 
Chemically bound water results show that in consider systems more water is bound in hydration products in the 
presence of limestone. Additionally, more bound water is obtained in systems richer in Al2O3. Also chemical 
shrinkage results indicate that the kinetics of reaction in the presence of limestone is faster. The higher chemical 
shrinkage observed for the samples containing limestone may indicate that either more products of hydration 
and/or less voluminous hydrates are formed over hydration. The beneficial effect of the limestone powder is 
attributed to both physical and chemical interaction with its environment. As TGA and thermodynamic modelling 
result shows limestone addition leads to the formation of hemi and monocarbonate which indirectly stabilize 
ettringite.  
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